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We have investigated the ability of growing dictyate oocytes and early preimplantation embryos of the mouse to process
extrachromosomal DNA molecules with free ends by intranuclearly microinjecting DNA fragments containing a region of
homology of various extent at either the 5* or 3* terminus. Homologous recombination of these fragments by single-strand
annealing (SSA), but not other DNA recombination/joining mechanisms, resulted in the formation of a full-length
hsp-lacZ-pA fusion gene that was transcriptionally activated by heat shock in growing oocytes and spontaneously at the
early two-cell stage in the embryos, making it possible to quantitatively evaluate SSA activities of these cells by the
b-galactosidase produced. SSA activities of oocytes and embryos were similar in their general properties and in the activity
levels observed with saturating amounts of DNA. However, embryo SSA was almost one order of magnitude less effective
than that of oocytes. Oocyte and embryo 5*3 3* exonuclease (a key function of the SSA pathway) and DNA nonhomologous
nd joining (NHEJ) activities were also investigated using an asymmetric PCR assay. Results showed that NHEJ is lacking
n oocytes and is very prominent in the embryos, where it competes with SSA for the injected DNA. © 2001 Academic Press
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Eukaryotic cells repair double-strand DNA breaks by
three mutually exclusive pathways: homologous recombi-
national repair (HR), single-strand annealing (SSA), and
nonhomologous end joining (NHEJ) (Pastink and Lohman,
1999). The HR pathway is a high-fidelity, interchromo-
somal, and conservative recombination process that re-
quires an intact chromosome copy as template and occurs
between sister chromatids in mitotic cells and between
paired chromosomes during meiosis (Sun et al., 1989). In
contrast to HR, SSA (Fig. 1), which has mostly been studied
in Xenopus oocytes (reviewed by Carroll, 1996), allows
1 M. Fiorenza and A. Bevilacqua contributed equally to this work.
2 To whom correspondence should be addressed. Fax: 139-06-t976-8099. E-mail: franco.mangia@uniroma1.it.
214recombination to occur within the same chromosome with-
out the need for another template chromatid. In fact, SSA is
triggered by a double-strand break occurring within re-
peated sequences and leaving direct repeats on both sides of
the break. The broken DNA ends are then digested by a
593 39 exonuclease (Maryon and Carroll, 1989) that gener-
tes 39-protruding strands with homology regions and al-
ows the formation of joint molecules by direct base pairing.
onhomologous ends, if present, are removed by a FEN-1
ndonuclease (Bibikova et al., 1998; Harrington and Lieber,
994) and the repair is eventually completed by DNA
ynthesis and ligation of the ends. In contrast to HR and
SA, both of which lead to homologous recombination, the
HEJ pathway (Fig. 1) allows the direct joining of the
roken DNA ends without the need for any DNA template
r homology sequences. Owing to this property, NHEJ can
ake place during any phase of the cell cycle and represents
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215DNA Repair in Mouse Oocytes and Early Embryosthe most common pathway of DNA repair in mammalian
cells. NHEJ, however, may introduce small deletions at the
joining site and occasionally generates potentially onco-
genic chromosomal aberrations.
These pathways may be present in the same cell at the
same time, creating the question of how the cell decides
among them. The current view is that the choice results
from an interplay between key molecules such as Ku70–
Ku80 (shifting to NHEJ) and Rad52/Rad51 (shifting to HR)
(Hiom, 1999). Interestingly, it was recently reported that,
during mouse spermatogenesis, Ku70 is absent in
leptotene–zygotene spermatocytes, suggesting that the
presence of Ku protein may somehow impair meiotic re-
combination (Goedecke et al., 1999). In light of this obser-
vation, it should be expected that meiotic cells lack the
NHEJ pathway. While this issue has not been investigated
so far in mammals, several observations in Xenopus indi-
cate that mid/late-growing diplotene oocytes have a promi-
nent SSA, but not NHEJ, activity, whereas unfertilized and
fertilized eggs display both SSA and NHEJ activities (Goe-
decke et al., 1992; Lehman et al., 1994).
In this paper, we have investigated SSA and NHEJ activi-
ties of growing oocytes and early preimplantation embryos
of the mouse. Since the paucity of biological material
makes most standard biochemical assays unfeasible on
these cells, we have developed a functional assay to mea-
sure the ability of single oocytes and embryos to recombine
intranuclearly injected DNA fragment pairs by SSA. When
recombined by SSA, in fact, these DNA fragment pairs
generate a DNA construct that contains a full-length lacZ
gene driven by a promoter derived from the heat shock gene
hsp70.3. This promoter is transcriptionally activated by
heat shock in growing dictyate oocytes and spontaneously
FIG. 1. A schema of double-strand break repair by SSA and NHEJ.
Thick lines indicate homology regions. In addition to dependence on
593 39 exonuclease, the SSA process also requires FEN-1 endonucle-
se in case the homology regions are separated by intervening nonho-
ologous sequences (left). For the sake of simplicity, the DNA
ragments used in our SSA assay had terminal homology regions
center). 59 3 39 Exonuclease is not required for NHEJ (right).at the early two-cell stage in the embryos (Bevilacqua and
Copyright © 2001 by Academic Press. All rightangia, 1993). We show here that growing mouse oocytes
isplay a high level of SSA activity, but completely lack
HEJ. In contrast, early embryos display a prominent NHEJ
ctivity, together with an SSA activity almost one order of
agnitude lower than that of oocytes.
MATERIALS AND METHODS
DNA Constructs
Constructs used for SSA assays were derived from plasmid
phspPTlacZpA (phsplacZ) (Kothary et al., 1989), containing an
Escherichia coli lacZ gene driven by the proximal 620 base pairs
(bp) of the murine heat shock gene hsp70.3 promoter (Perry and
Moran, 1987). The hsp-lacZ-pA fusion gene was cloned into the
BamHI site of a pUC19 vector that had been previously modified
by deletion of a NarI–SmaI 177-bp fragment containing additional
lacZ sequences. The resulting construct (pSB2, Fig. 2A) was then
modified by duplication of a lacZ region of various extent upstream
from the unique EcoRV site. To this purpose, three different lacZ
fragments of 290, 529, and 895 bp, respectively (Fig. 2B), were
generated by recombinant PCR with Vent DNA polymerase (New
England Biolabs, Beverly, MA). The antisense primer, anchoring at
the EcoRV site, was: 59-GTCCTGCACCATCGTCTGC-39 (nucle-
otides, nt, 2244–2226). This primer contained a synonymous base
substitution at its 59-end, resulting in disruption of the duplicated
EcoRV restriction site and maintenance of the correct
b-galactosidase reading frame. The sense primer, anchoring at
ncreasing distance upstream from the EcoRV site, was one of
he following oligodeoxyribonucleotides: 1) 59-ATCGATG-
AGCGTGGTGGTTA-39 (nt 1954 –1973); 2) 59-ATCAGGATAT-
TGGCGGATG-39 (nt 1715–1734); and 3) 59-ATCTTCC-
TGAGGCCGATACT-39 (nt 1349 –1368). PCR amplification was
arried out with a first denaturation step at 94°C for 1 min and
0 cycles of the following steps: denaturation at 94°C for 1 min,
nnealing at 64°C for 50 s, and elongation at 72°C for 1 min.
mplification fragments were then inserted into the EcoRV
estriction site of pSB2 by standard procedures. Fragment inser-
ion resulted in a shift of lacZ reading frame at the 59-end of the
nsertion. The three plasmids obtained by this procedure (Fig.
C) contained a lacZ gene with a tandem duplication of 290 bp
p300SB2), 529 bp (p500SB2), and 895 bp (p900SB2). When
ouble-digested by EcoRV and ScaI, these plasmids produced
quimolar amounts of two blunt-ended and linear DNA frag-
ents having different nucleotide sequences, except for a 39/59-
terminal homology region of various extent within the lacZ gene
(Fig. 2D). These fragments, here named A and B, were made as
follows: 1) fragment A contained the hsp70.3 promoter and the
initial lacZ coding sequence to the EcoRV cutsite; and 2)
fragment B was promoterless and contained the 895/529/290-bp
homology region and other lacZ-pA nucleotide sequences. DNA
fragments were gel-fractionated, purified, mixed with each
other, and dissolved in 10 mM Tris-HCl, pH 7.6, and 0.1 mM
EDTA (TE) for microinjection.
Isolation, Intranuclear Microinjection, and in Vitro
Culture of Growing Dictyate Oocytes and
Preimplantation Embryos
Outbred Swiss CD1 mice (Charles River Italia, Calco, Italy) were
used in all experiments. Growing dictyate oocytes (50- to 60-mm
s of reproduction in any form reserved.
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216 Fiorenza et al.vitellus diameter) were obtained from 12- to 14-day-old mice by
pricking the ovaries with a needle without enzyme treatment.
Fertilized eggs at the pronuclear stage (10–12 h postfertilization,
p.f.) were obtained from 50- to 70-day-old, hormonally primed
females. Oocytes and eggs were in vitro cultured at 37°C in drops
of medium M16 under paraffin oil with an atmosphere of 5% CO2
in air. Microinjection of DNA constructs (approximately 2 pL DNA
solution/nucleus; dissolved in TE) was routinely performed in the
germinal vesicle (GV) of growing oocytes, or the male pronucleus of
mid one-cell embryos (13–14 h p.f.). In a few experiments, micro-
injection was performed in the female pronucleus of mid one-cell
embryos, one of the two pronuclei of late one-cell embryos (19–21
h p.f.), or a single blastomere nucleus of mid two-cell embryos.
Biochemical/cytochemical b-galactosidase assays of single oocytes
or embryos were carried out as previously described (Bevilacqua et
FIG. 2. pHsplacZ-derived DNA constructs used in this study. (A)
Construct pSB2. Numbers in parenthesis indicate nucleotide posi-
tions. (B) DNA fragments of various extent were produced by PCR
amplification as described under Materials and Methods. Arrows
indicate primer positions. (C) DNA constructs with duplicated
lacZ sequences of various extent. (D) A and B DNA fragment pairs
were produced by digestion of constructs p300SB2, p500SB2, and
p900SB2 with EcoRV and ScaI, as described in the text. Fragments
A and B contained a homology region of various extent at their 39-
and 59-ends, respectively, as shown by the alignment.al., 1995). Growing oocytes were heat-shocked at 43°C for 30 min i
Copyright © 2001 by Academic Press. All rightand then allowed to recover at 37°C for 3 h before the assay, as
previously described (Curci et al., 1991).
Asymmetric PCR Assay of DNA 5* 3 3*
Exonuclease and NHEJ Activities
593 39 exonuclease and NHEJ activities of growing oocytes and
early embryos were simultaneously assayed on the same cells by an
asymmetric, single-primer PCR amplification assay. An 895-bp
DNA fragment was preliminarily generated by PCR amplification
of pCH110 (Pharmacia, Milano, Italy) with Taq polymerase (Pro-
mega, Madison, WI), using the following oligodeoxyribonucleotide
primer pair: sense, 59-ATCTTCCTGAGGCCGATACT-39 (nt 500–
519); and antisense, 59-ATCCTGCACCATCGTCTGC-39 (nt 1395–
1377). PCR included an initial denaturation step at 94°C for 2 min
and 30 cycles of denaturation at 94°C for 1 min, annealing at 64°C
for 50 s, and elongation at 72°C for 1 min.
The 895-bp DNA fragment was dissolved in TE and intranucle-
arly injected in oocytes and one-cell embryos. Injected cells were
incubated at 37°C for 15 min or 2 h, then rapidly frozen and stored
at 280°C in groups of 10 in 2 mL H2O. Cells were lysed by
reezing-thawing the tubes twice immediately before the assay.
he lysates were extensively digested with MspI, incubated at 94°C
or 15 min, and eventually subjected to asymmetric PCR amplifi-
ation with Taq polymerase using the single sense primer: 59-
TCAGGATATGTGGCGGATG-39 (anchoring at nt 366–385 of
he 895-bp fragment). Amplification was performed with a first
ncubation at 94°C for 2 min and 50 cycles of the following steps:
enaturation at 94°C for 50 s, annealing at 62°C for 50 s, and
longation at 72°C for 1 min in the presence of [a-32P]dCTP as
racer. Amplification products were fractionated by 5% polyacryl-
mide gel electrophoresis.
Chemicals
Restriction enzymes were purchased from BRL (Gaithersburg,
MD) or Promega (Madison, WI), hyaluronidase from Boehringer
Mannheim Italia (Milano, Italy), and hormones for animal priming
and other chemicals from Sigma Chemical (St. Louis, MO).
RESULTS
Growing Mouse Oocytes Display High Levels of
DNA Recombination Activity by Single-Strand
Annealing
Preliminary experiments demonstrated that pSB2 was
ypically heat-inducible in transfected somatic cells (not
hown). The pattern of pSB2 heat-inducibility was studied
n growing mouse oocytes by injecting 500 to 2000 copies of
caI-linearized plasmid/GV (Fig. 3A). Injected oocytes were
ncubated at 37°C for increasing times, heat-shocked at
3°C for 30 min, recovered at 37°C for 3 h to allow
onstruct expression (Curci et al., 1991), and then individu-
lly processed for biochemical b-galactosidase assay. Con-
rol oocytes were treated as described above, but were
onstantly maintained at 37°C. pSB2 heat-inducibility ap-
eared as soon as 6 h postinjection (p.i.) and maximized at
0 h p.i. irrespectively of the number of construct copies
njected. Levels of reporter enzyme activity were propor-
s of reproduction in any form reserved.
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217DNA Repair in Mouse Oocytes and Early Embryostional to the number of input plasmid copies. Additional
cytochemical b-galactosidase assays also showed that pSB2
FIG. 3. Expression of linear pSB2 in growing mouse oocytes. (A)
Oocytes received the injection of 500 (F, E) or 2000 (f, M) copies of
ScaI-linearized pSB2. Cells were in vitro cultured at 37°C for the time
indicated in the abscissa, then subjected to heat shock, allowed to
express the injected plasmid at 37°C for 3 h, and eventually assayed
for their b-galactosidase activity (F, f). Control oocytes (E, M) were
onstantly maintained at 37°C. Symbols represent values of
b-galactosidase activity (mean 6 SEM of 30–45 oocytes, pooled from
at least three independent experiments). (B) Oocytes were injected and
treated as described above, but the b-galactosidase activity was
assayed by cytochemistry. Symbols, representing fractions of X-Gal-
positive oocytes (mean 6 SEM of 40–50 oocytes, pooled from at least
hree independent experiments), indicate heat-shocked (F, f) and
ontrol (E, M) oocytes. (C) Relationship between copies of injected
SB2 molecules and b-galactosidase activity produced by heat-
shocked oocytes. Oocytes were injected and treated as described
above. Symbols represent values of b-galactosidase activities (mean 6
SEM of 30–45 oocytes, pooled from at least three independent
experiments). The equation of regression curve (obtained by best fit of
experimental values) is reported in the panel.was heat-activated with a similar kinetics in virtually all
Copyright © 2001 by Academic Press. All rightmanipulated oocytes (Fig. 3B). The detailed relationship
between the number of pSB2 copies injected and the
amount of b-galactosidase synthesized after heat shock was
hen determined by heat-shocking pSB2-injected oocytes at
7 h p.i. The dose-response curve obtained in these experi-
ents (Fig. 3C) made it possible to consistently determine
he absolute number of functional pSB2 molecules that a
ingle oocyte carried at the time of heat shock by the level
f the b-galactosidase activity produced, in the range of 100
to 2000 pSB2 molecules.
The SSA activity of growing oocytes was first studied
using DNA fragments derived from p900SB2. In these
experiments, oocytes that had received an appropriate
amount of ScaI-linearized plasmid or A and/or B fragments
were incubated at 37°C for 17 h, then subjected to heat
shock, allowed to express the injected DNA for 3 h, and
eventually processed for biochemical b-galactosidase assay.
Results are reported in Table 1. As expected, no significant
reporter enzyme activity was detected after injection of 500
copies/GV of ScaI-linearized p900SB2, nor was it found
with injection of 5000 copies/GV of either A or B fragment.
Negative results were also obtained with p500SB2 or
p300SB2 (not shown). It thus appeared that, among various
constructs analyzed, only pSB2 allowed the synthesis of
functional b-galactosidase molecules. However, significant
evels of b-galactosidase activity were detected when oo-
ytes received an injection of 2500 A and B DNA fragment
airs/GV, showing that, at the time of heat shock, these
ells contained new, functional pSB2 molecules. It there-
fore appeared that a fraction of injected DNA fragment pairs
had been recombined by SSA in the time interval between
the injection and the heat shock. No b-galactosidase activ-
ity was ever detected when oocytes that had received DNA
fragment pairs were incubated in the presence of aphidico-
lin (an inhibitor of a, d, and e DNA polymerases), showing
hat SSA required new DNA synthesis.
The SSA activity of oocytes was further characterized by
etermining the kinetics of DNA fragment recombination
nd b-galactosidase synthesis at increasing times p.i. (Fig.
4A). These experiments showed that reporter enzyme ac-
tivity was synthesized with a significant delay with respect
to the timing of pSB2 expression, suggesting that recombi-
nation of injected DNA fragment pairs required the activa-
tion of an additional and specific biochemical machinery.
Cytochemical assays also showed that fragment recombi-
nation took place by the same kinetics in virtually all
injected oocytes (Fig. 4B). To investigate whether the SSA
activity of oocytes depended on the extent of fragment
homology region, we determined the number of recombi-
nant pSB2 copies made by oocytes that had received DNA
fragments derived from p900SB2 or from constructs with
shorter homology regions. Fragments from p900SB2,
p500SB2, and p200SB2 gave comparable levels of
b-galactosidase activity, reflecting similar contents in re-
combinant pSB2 copies (Fig. 4C). Comparable results were
also obtained with fragments having a homology region as
short as 50 nucleotides (not shown). We therefore con-
s of reproduction in any form reserved.
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218 Fiorenza et al.cluded that the SSA activity of growing mouse oocytes is
independent of the extent of fragment homology region, at
least in the range of 50 to 1000 bp.
In light of these results, we used p900SB2-derived DNA
fragment pairs to quantitatively estimate the SSA activity
of growing oocytes. This was done by injecting increasing
amounts of A and B fragment pairs until the oocyte ability
to recombine the fragments was saturated. The resulting
curve (Fig. 4D) describes the SSA activity of oocytes by the
following quantitative parameters: 1) the “recombination
capacity” (RC), here expressed as the minimal amount of
injected DNA fragment pairs that saturated the oocyte
recombination machinery; and 2) the “recombination effi-
ciency” (RE), here expressed as the initial slope of the curve.
C is a quantitative estimate of the overall oocyte ability to
handle and rearrange the injected DNA. This parameter
thus measures the maximal availability and overall potency
of SSA machinery. In contrast, RE indicates the fraction of
njected DNA fragment pairs that oocytes are able to
ecombine when, owing to the nonsaturating conditions,
heir SSA machinery is maximally available.
The SSA Activity of Early Preimplantation
Embryos Is Almost One Order of Magnitude Lower
Than That of Growing Oocytes, with No Major
Difference between Male and Female Pronuclei
The same approach was also used to study the SSA
activity of early mouse embryos. Preliminary experiments
showed that injection of 2 3 103 copies of ScaI-linearized
SB2 in the male pronucleus at the mid one-cell stage
esulted in construct spontaneous expression at the early
wo-cell stage (not shown) according to the developmental
ctivation of the endogenous hsp70.1 gene (Bensaude et al.,
983; Christians et al., 1995), as previously described (Bev-
lacqua et al., 1995). The relationship between the number
TABLE 1
SSA Activity of Growing Mouse Oocytes Following the Injection
DNA construct pSB2a p900SB2
Aphidicolind 2 1 2
ne 35 30 31
b-Galactosid. activ. f 3.32 6 0.18 2.87 6 0.30 0.07 6 0.02g 0
Ph .0.1 .0.9
Recomb. pSB2i 495 412 n.s.
a Oocytes received 500 copies of ScaI-linearized construct.
b DNA fragments A and B were derived from p900SB2. Oocytes
c Oocytes received a mixture of 2500 copies of fragment A and 2
d Following injection oocytes were constantly incubated in the a
e Total number of oocytes assayed in at least three independent
f b-Galactosidase activity was expressed as pmol of 4-MU/30 mi
g The value did not significantly differ from background b-galact
h P was calculated by Student’s t test.
i The number of recombinant pSB2 copies/GV was calculated byf intranuclearly injected pSB2 copies and the amount of
Copyright © 2001 by Academic Press. All rightreporter enzyme activity produced was determined in detail
by injecting an increasing number of pSB2 copies at the mid
one-cell stage and then performing the biochemical
b-galactosidase assay at the mid two-cell stage. The pSB2
dose-response curve obtained in these experiments (Fig. 5A)
made it possible to determine the absolute number of
functional pSB2 molecules carried by a single two-cell
embryo in the range of 100 to 700 construct copies.
We then characterized major features of embryo SSA
activity. To this end, mid one-cell embryos received the
injection of various amounts of p900SB2-derived A and/or B
DNA fragments. The embryos were then allowed to de-
velop to the mid two-cell stage and were eventually pro-
cessed for the b-galactosidase assay. A significant synthesis
of reporter enzyme was detected only when the embryos
had received A and B DNA fragment pairs, while no activity
was found following the injection of a single fragment type
(not shown). In addition, levels of b-galactosidase activity
obtained with injection of DNA fragment pairs derived
from p900SB2, p500SB2, and p300SB2 were similar (not
shown). We therefore concluded that embryos had a signifi-
cant SSA activity, the features of which closely resembled
those of oocytes.
The SSA activity of early embryos was further character-
ized by injecting increasing amounts of p900SB2-derived A
and B fragment pairs, until the SSA machinery was satu-
rated (Fig. 5B). The resulting saturation curve was analyzed
as previously done on oocytes. Interestingly, the RC value of
mbryos was virtually identical to that of oocytes. In
ontrast, embryos’ RE was significantly lower than that of
oocytes by almost one order of magnitude. We therefore
concluded that: 1) growing oocytes and early embryos have
SSA machineries with similar biochemical properties and
similar overall capacities; and 2) in spite of such similari-
ties, the SSA pathway of embryos is significantly less
fferent DNA Constructs
Fragment Ab Fragment Bb Fragments A 1 Bc
2 2 2 1
1 36 36 42 33
0.03g 0.06 6 0.02g 0.07 6 0.02g 2.26 6 0.19 0.07 6 0.02g
.0.9 ,0.001
s. n.s. n.s. 308 n.s.
ved 5000 copies of either fragment A or fragment B.
copies of fragment B.
ce (2) or in the presence (1) of 3 mg/mL aphidicolin.
riments.
cyte. Values indicate means 6 SEM.
ase activity of noninjected oocytes.
dose–response curve of Fig. 2C; n.s., not significant.of Di
a
1
3
.07 6
n.
recei
500
bsen
expe
n/oo
osidefficient than that of oocytes. A further comparison be-
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All righttween SSA pathways of oocytes and embryos is reported in
Table 2.
In light of the well established differences between male
and female pronuclei at the level of chromatin organization
and transcriptional activity (Schultz and Kopf, 1995), it was
of interest to determine whether pronuclei had similar SSA
activities. This issue was investigated in a separate series of
experiments, by microinjecting A and B DNA fragment
pairs into either the male or the female pronucleus of mid
one-cell embryos. The embryos were then allowed to de-
velop to the mid two-cell stage and were eventually pro-
cessed for b-galactosidase assay. Levels of reporter enzyme
activity produced by embryos of both experimental groups
were similar (Table 3), and comparable results (not shown)
were also obtained when DNA fragments were injected at
the late one-cell stage, a stage at which the male and female
derivation of pronuclei is less easily assessed owing to
similar morphology and strict proximity. In light of these
results, we concluded that male and female pronuclei have
similar levels of SSA activity.
Both Growing Oocytes and Early Embryos Display
a DNA 5* 3 3* Exonuclease Activity; the Embryos,
However, Are Also Provided with a Very Efficient
NHEJ Pathway
To gain more insight into molecular bases of DNA
rearrangement pathways of mouse-growing oocytes and
early embryos, we studied in detail the DNA 59 3 39
xonuclease and NHEJ activities of these cells. 59 3 39
xonuclease is a key activity for SSA in Xenopus oocytes
Carroll, 1996). To overcome the limited availability of
ammalian oocytes and preimplantation embryos, we de-
ised a novel asymmetric PCR assay that allowed us to
imultaneously detect both DNA 59 3 39 exonuclease and
HEJ activities on small numbers of living oocytes and
mbryos. To this end, growing oocytes and late one-cell
mbryos received an intranuclear injection of 10,000
opies/GV or pronucleus of a blunt-ended, 895-bp DNA
received the injection of 2500 copies of p300SB2-, p500SB2-, or
p900SB2-derived A and B fragment pairs. Cells were then cultured
at 37°C for 17 h and eventually assayed for b-galactosidase activity
after heat shock. Histograms represent b-galactosidase activity
values, expressed as number of recombinant pSB2 copies (calcu-
lated by regression curve of Fig. 2C; mean 6 SEM of 25–35 oocytes,
pooled from at least three independent experiments). Numbers in
parentheses indicate the fraction of injected A and B fragment pairs
recombined. (D) Characterization of the SSA activity of growing
mouse oocytes. Oocytes received the injection of increasing
amounts of p900SB2-derived A and B fragment pairs. Cells were
then cultured, heat-shocked, and assayed as described above. Sym-
bols (mean 6 SEM of 25–35 oocytes, pooled from at least three
independent experiments) represent numbers of recombinant pSB2
copies produced from injected A and B fragment pairs by singleFIG. 4. SSA activity of growing mouse oocytes. (A) Oocytes
received the injection of 500 copies of ScaI-linearized pSB2(f, M) or
2500 copies of p900SB2-derived A and B fragment pairs (F, E).
Oocytes were injected and treated as described in the to Fig. 2.
Control oocytes (E, M) were constantly maintained at 37°C. Sym-
bols represent values of b-galactosidase activities (mean 6 SEM of
0–45 oocytes, pooled from at least three independent experi-
ents). (B) Oocytes were injected and treated as described above,
ut their b-galactosidase activity was assayed by cytochemistry.
ymbols represent fractions of X-Gal-positive oocytes (mean 6
EM of 40–50 oocytes, pooled from at least three independent
xperiments). (C) Oocyte SSA activity was probed with DNAoocytes.
s of reproduction in any form reserved.
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220 Fiorenza et al.fragment. The injected DNA was recovered by lysing cells
at increasing times p.i., was then restriction-digested and
eventually amplified by asymmetric PCR using a single
oligodeoxyribonucleotide primer (see Fig. 6A for a schema).
The assay predicted the appearance of amplification frag-
ments shorter than 529 nt in the case the injected DNA
molecules had been digested by a 59 3 39 exonuclease, and
longer than 529 nt in the case they had been concatemer-
ized by NHEJ. When performed on oocytes (Fig. 6B), the
assay revealed the very rapid appearance of several DNA
FIG. 5. SSA activity of early mouse embryos. (A) Relationship
between copies of injected pSB2 molecules and b-galactosidase
activity produced following embryo development to the two-cell
stage. Mid one-cell embryos received the injection of increasing
amounts of ScaI-linearized pSB2. Cells were then allowed to
develop to the mid two-cell stage and eventually assayed for their
b-galactosidase activity. Symbols represent values of
b-galactosidase activity (mean 6 SEM of 25–35 embryos, pooled
from at least three independent experiments). The equation of
regression curve (obtained by best fit of experimental values) is
reported in the panel. (B) Characterization of the SSA activity of
early mouse embryos. Mid one-cell embryos received the injection
of increasing amounts of p900SB2-derived A and B fragment pairs.
Cells were then allowed to develop to the mid two-cell stage and
eventually assayed for their b-galactosidase activity. Symbols
(mean 6 SEM of 25–35 embryos, pooled from at least three
ndependent experiments) represent absolute numbers of recombi-
ant pSB2 copies produced from injected A and B fragment pairs by
ingle embryos.fragments shorter than 529 nt, the size of which further I
Copyright © 2001 by Academic Press. All rightecreased at 2 h p.i. DNA molecules having a size longer
han 529 nt were apparently absent. In contrast, the em-
ryos (Fig. 6C) very rapidly formed DNA molecules longer
han 529 nt, showing that they had efficiently assembled a
arge fraction of injected DNA molecules into concatemers.
he most prominent of these concatemers was congruent
ith the expected size of 834 nt, indicating that NHEJ had
ostly occurred by head-to-tail ligation. Sizes of minor
mplification bands included a band with an apparent size
pproximating the 1058 nt length expected in case of
ead-to-head ligation and others between 834 and 529 nt. In
ddition to concatemers, DNA fragments shorter than 529
t and similar to those of oocytes appeared at 2 h p.i.,
howing that embryos were also provided with a significant
9 3 39 exonuclease activity.
The same assay was also used to address the question of
whether the presence of 59 3 39 exonuclease and NHEJ
ctivities is a feature common to male and female one-cell
mbryo pronuclei and two-cell embryo nuclei. Mid one-cell
mbryos received the injection in either the male or female
ronucleus and mid two-cell embryos in a single blas-
omere nucleus. All these embryos displayed the concomi-
ant presence of 59 3 39 exonuclease and NHEJ activities
hat were fully comparable to those typically observed in
ate one-cell embryos (not shown). In light of these results,
e concluded that the male and female pronuclei of one-
ell embryos and blastomere nuclei of two-cell embryos
ave similar 59 3 39 exonuclease and NHEJ activities.
DISCUSSION
The SSA Assay
In this paper, we have developed a functional assay that
unambiguously and consistently reveals: 1) the recombina-
tion of injected DNA fragments by SSA, but not by other
mechanism(s); and 2) how many DNA fragment pairs a
given oocyte/embryo has actually recombined. The first
feature of the assay is provided by the molecular structure
of the injected DNA fragments. In fact, these fragments
have their homology region positioned at one end, and,
thus, they could only be rearranged by conservative SSA,
while other recombinational DNA rearrangements as HR
were not possible because of the lack of template DNA. In
addition, the occurrence of other illegitimate DNA recom-
bination or NHEJ is not revealed by the assay, because these
processes, if any, lead to synthesis of shortened/
mismatched polypeptides having no enzymatic activity.
The other property of the assay is validated by the use of
an hsp-lacZ fusion gene and the pSB2 dose-response curves
btained in oocytes and embryos. In fact, our experimental
aradigm allowed the injected oocytes and embryos to
ecombine their DNA fragments for a period of time suffi-
ient for full occurrence of this process (approximately
7 h), as assessed by the SSA kinetics of growing oocytes
nd the similar SSA rates of mid and late one-cell embryos.
t is also worth noting that, in our experiments, SSA always
s of reproduction in any form reserved.
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221DNA Repair in Mouse Oocytes and Early Embryosoccurred under normal culture conditions in both oocytes
and embryos and that the heat shock administered to
oocytes had the only effect of transcriptionally activating
already recombined DNA molecules. It thus appears that
levels of oocyte and embryo SSA activities are only depen-
dent on the recombination ability of the cell analyzed per
se. In addition, the use of the hsp70.3 promoter allowed the
ransient and simultaneous recruitment to transcription of
ll full-length hsp-lacZ molecules the oocytes and embryos
arried at the time of heat-shock and development to the
arly two-cell stage, respectively. Finally, the high stability
f b-galactosidase prevented any loss of enzyme activity
etween synthesis of the protein and time of the assay,
uling out the possibility of underestimating the number of
ecombinant DNA molecules.
Early Embryos Inherit the Entire SSA Machinery of
Dictyate Oocytes; the SSA of Embryos, However, Is
Competed by a Very Efficient NHEJ Pathway
The results obtained in our study have demonstrated that
both growing oocytes and early embryos display significant
levels of SSA activity. SSA is the final result of a complex
series of connected enzyme activities, and, thus, it cannot
be analyzed in terms of classical kinetics as it can be done
on a single enzyme. In fact, SSA can rather be compared to
a black box, the input (the injected DNA pairs) and the
output (the recombinant DNA molecules) of which are the
only parameters we actually know. In spite of this limita-
tion, however, we have analyzed overall SSA activities of
oocytes and embryos in terms of simple kinetics. The first
quantitative parameter we determined was the amount of
injected DNA that saturated the SSA machinery. Interest-
ingly, oocytes and embryos displayed similar saturation
values. It thus appears that oocyte and embryo SSA machin-
eries are similar with each other, not only in their general
TABLE 2
Comparison of SSA Recombination Efficiencies of Growing Mous
DNA fragment
pairs injecteda 1250 2
Oocytes Embryos Oocytes
Recombinant pSB2b 150 6 12 19 6 2 290 6 15
%c 12.0 1.5 12.0
a Number of p900SB2-derived A 1 B fragment pairs injected/GV
b Absolute numbers of recombinant pSB2 copies were estimated
alues indicate mean 6 SEM.
c Fraction (%) of injected DNA fragment pairs that cells rearrangbiochemical properties but also in terms of overall capacity,
Copyright © 2001 by Academic Press. All rightuggesting that the SSA machinery of embryos is entirely
nherited from the ovarian oocytes. Such maternal inheri-
ance was also suggested by the finding that male and
emale pronuclei have similar SSA activities, suggesting
hat enzymes required for SSA equally enter both pronuclei
t the time they form. In spite of maternal derivation,
owever, the overall efficiency of SSA machinery resulted
o be markedly reduced in embryos with respect to that of
ocytes. We therefore conclude that the SSA pathway of
mbryos is somehow subjected to a stage-specific, func-
ional limitation(s), which is (are) not operating in oocytes.
To understand the nature of this limitation, it is of
nterest to compare the features we have found in the
ouse with those previously described in Xenopus oocytes
nd eggs (Goedecke et al., 1992; Labhart, 1999; Lehman et
l., 1993). At the very beginning of oocyte growth, diplotene
enopus oocytes display a significant level of NHEJ and no
pparent SSA activities. With further oocyte growth, how-
ver, NHEJ rapidly becomes undetectable, while an SSA
ctivity appears and progressively increases, by eventually
aximizing at the end of oogenesis. During oocyte matu-
ytes and Early Preimplantation Embryos
5000 10,000
mbryos Oocytes Embryos Oocytes Embryos
31 6 3 470 6 20 36 6 3 490 6 22 37 6 4
1.2 9.2 0.001 5.0 ,0.001
ronucleus.
e dose-response curves of Fig. 2C (oocytes) and Fig. 4A (embryos).
y producing new recombinant pSB2 copies.
ABLE 3
omologous Recombination Activity by SSA of Male
nd Female Pronuclei
Pronucleus
injecteda nb
b-Galactosidase
activityc Pd
Male 30 2.06 6 0.24
.0.33
Female 29 1.74 6 0.13
a Mid one-cell embryos (14–16 h p.f.) received the injection of
500 p900SB2-derived A and B fragment pairs either in the male or
he female pronucleus.
b Total number of embryos assayed in three independent experi-
ments.
c pmoles of 4-MU/30 min/embryo. Values indicate mean 6 SEM.e Ooc
500
E
or p
by thd Calculated by MANOVA.
s of reproduction in any form reserved.
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specific amplification bands. (C) Gel fractionation of amplification
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Copyright © 2001 by Academic Press. All rightration, however, SSA undergoes a sudden fivefold decrease,
while a prominent NHEJ activity appears (Lehman et al.,
1993). Several studies on Xenopus oocytes and eggs inves-
tigated the molecular bases of SSA, conclusively showing
that this pathway is strictly dependent on the key enzyme
593 39 exonuclease (Maryon and Carroll, 1989), the activity
f which parallels that of SSA during oogenesis (Lehman et
l., 1993). Other activities required for SSA include DNA
igase III, DNA polymerase e (Gottlich et al., 1998), and
FEN-1 endonuclease (Bibikova et al., 1998; Gottlich et al.,
1998). In addition, SSA is independent of Ku70/80 het-
erodimer (Labhart, 1999), a component of the DNA-
dependent protein kinase. As for NHEJ, it was also shown
that, while fully independent of 59 3 39 exonuclease (Got-
tlich et al., 1998), it depends on availability of Ku70/80 and
is also sensitive to the PI3-kinase inhibitor wortmannin
(Labhart, 1999).
In light of the key regulatory role played by 59 3 39
xonuclease in SSA of Xenopus oocytes and the presence of
NHEJ in Xenopus eggs, we have directly assayed these
activities in mouse oocytes and early embryos. It appeared
that growing mouse oocytes very rapidly digest the injected
DNA by a 593 39 exonuclease, but do not form concatem-
ers. These cells thus appear to have a readily functional SSA
pathway, in full agreement with results obtained in the
present study with our SSA assay and previous observations
in Xenopus oocytes (Carroll, 1996). We have also found that
early mouse embryos rapidly assemble the injected DNA
into concatemers and also display the presence of a 593 39
xonuclease activity, as indicated by additional formation
f concatemers smaller than 834 nt (at early times p.i.) and
NA fragments smaller than 529 nt (at late times p.i.).
hus, in contrast to oocytes, embryos appear to have both
SA and NHEJ pathways, the male and female pronuclei
isplaying similar features. The size of concatemers formed
n embryos provides additional information on how these
oncatemers are formed. In fact, the most prominent of
hese bands had a size of approximately 834 nt (correspond-
ng to that expected by head-to-tail ligation), whereas the
058-nt concatemer band (indicating head-to-head ligation)
as very faint, in spite of the exponential amplification
xpected for this band in our system (see Fig. 6A). We
herefore conclude that early mouse embryos very effi-
iently join free DNA ends into concatemers by head-to-tail
igation. This, in turn, suggests that factors required for
HEJ preferentially recognize nonhomologous DNA ends.
he early mouse embryo’s ability to concatemerize extra-
products obtained in a typical experiment with one-cell embryos.
Lanes were loaded with amplification products obtained as indi-
cated above for oocytes. Arrows indicate specific amplification
bands. The size of amplification bands predicted by the NHEJ
model of panel A is indicated to the right of the panel. VerticalFIG. 6. 59 3 39 Exonuclease and NHEJ activities of mouse-
growing oocytes and one-cell embryos. (A) A schema of the
intracellular processing expected to occur on intranuclearly in-
jected DNA fragments in case of 593 39 exonuclease digestion (left)
or NHEJ processing (right). Growing oocytes and late one-cell
embryos received the injection of 10,000 copies of a pCH110-
derived DNA fragment, as described in the text. Cells were then
cultured for 15 min or 2 h and then processed for asymmetric PCR
amplification of the DNA they carried, as described under Materi-
als and Methods. In case of 59 3 39 exonuclease digestion, it is
expected that amplification products (wavy arrows) are smaller
than 533 nt. In case of NHEJ, the expected concatemer length
depends on head-to-tail, tail-to-tail, or head-to-head type of liga-
tion. (B) Gel fractionation of amplification products obtained in a
typical experiment with growing oocytes. Lanes were loaded with
amplification products obtained as follows (from left to right):
(noninjected) amplification bands obtained with noninjected oo-
cytes represent nonspecific amplification products; (DNA frag-
ment) PCR amplification bands was performed with a purified
aliquot of the pCH110-derived DNA fragment used for the injec-
tion; (15 min p.i.) oocytes were processed for PCR amplification 15
minutes after fragment injection; (2 hr p.i.) oocytes were processed
for PCR amplification 2 h after fragment injection. Base pair
standards (MW) are indicated between the panels. Arrows indicatebrackets group bands likely derived from similar processing.
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223DNA Repair in Mouse Oocytes and Early Embryoschromosomal linear DNA molecules is well documented,
since pioneering studies (Palmiter and Brinster, 1986)
showed that, in most cases, transgenic mice made by
pronuclear microinjection carry multiple, head-to-tail-
ligated copies of their transgene. More recently, head-to-tail
ligation of microinjected genes was observed when the fate
of these genes was followed during preimplantation devel-
opment (Burdon and Wall, 1992).
The lack of NHEJ pathway in growing oocytes and its
prominence in early embryos gives a reasonable explana-
tion of how embryo SSA activity is strongly decreased in
efficiency with respect to that of growing oocytes. It is
likely, in fact, that, in the oocytes, the SSA pathway has
no functional limitations due to the absence of signifi-
cant NHEJ activity. In the embryos, in contrast, the 59 3
39 exonuclease is likely to be competed for substrate
DNA by other factor(s) that avidly bind free DNA ends,
shifting the DNA repair towards NHEJ. Putative 59 3 39
xonuclease competitors include the Ku70/Ku80 het-
rodimer and other factors as DNA-PK, as previously
roposed for NHEJ in Xenopus eggs (Labhart, 1999).
urther study is required to characterize DNA end-
inding factors of mouse oocytes and early embryos. In
ny case, it is tempting to hypothesize that the lack of
HEJ in growing oocytes is functionally relevant to the
aintenance of dictyate chromosome configuration dur-
ng oogenesis. Another possibility, not excluding the first
ne, is that NHEJ factor(s) are required for the process of
ocyte maturation and bivalent chromosome disjunc-
ion, as suggested by the appearance of high levels of
HEJ activity at the onset of oocyte maturation in
enopus (Lehman et al., 1993). In light of current ad-
ancements in knowledge on oocyte– granulosa cell in-
eraction during follicle growth and methods of in vitro
ulture of ovarian oocytes and follicles in mammals
Eppig and O’Brien, 1998), findings obtained in this study
n rearrangement of injected DNA fragments in growing
ouse oocytes may also be of interest for improving
ethods of gene manipulation and targeting in mamma-
ian oocytes.
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